To develop a method for predicting the skin color of grape berries of three cultivars of Vitis labrusca L. × Vitis vinifera L. grown in Japan, we investigated the relationship between skin color and air temperature in the grape production areas of 18 prefectures. When mean air temperature during the 40 days before harvest date was ≥24°C, the skin color ratings of 'Kyoho', 'Pione', and 'Suzuka' were significantly negatively correlated with temperature. Skin color ratings decreased by about 1 unit per 1°C increase; at a given mean air temperature during this period, the rating of 'Suzuka' was higher (by 0.7 units) than that of 'Kyoho', which was higher (by 1.0 unit) than that of 'Pione'. Because an approach to predict harvest date has not been established, we developed a method to predict skin color at harvest based on air temperature after the fullflowering date. We found the times that had a strong negative correlation between the mean air temperature and the skin color rating at harvest was 43 days from 50 DAF (days after full flowering) for 'Kyoho', 46 days from 46 DAF for 'Pione', and 42 days from 52 DAF for 'Suzuka'. We obtained a linear regression equation for the relationship between the skin color rating at harvest and the mean air temperature during the periods. If the full-flowering date is known, it is possible to predict skin color at harvest by using this equation and the predicted air temperature after full flowering. We also developed a method for predicting anthocyanin contents in berry skins at harvest using significant regressions among the skin color rating, the skin anthocyanin content, and mean air temperature.
Introduction
Climate change is already profoundly influencing fruit trees. Many phenological time-course trends have been studied in fruit trees, and most are consistent with warming temperatures (Menzel, 2003; Nemani et al., 2001) . Long-term changes in fruit quality have also been reported (Sugiura et al., 2013) . Grapevine phenology and grape berry quality also appear to be subject to climate change (Orduna, 2010) ; in particular, an increased frequency of grape berries with poor color has been observed by many grape farmers in recent years Received; October 25, 2016. Accepted; March 14, 2017. First Published Online in J-STAGE on April 26, 2017. This work was partly supported by the "Science and technology research promotion program for agriculture, forestry, fisheries and food industry (26087C)" of the Ministry of Agriculture, Forestry and Fisheries of Japan. Part of this research was presented at the 2014 autumn meeting of the Japanese Society for Horticultural Science. * Corresponding author (E-mail: sugi@affrc.go.jp). and this has become a major problem in Japan (Osada and Ohe, 2010; Sugiura et al., 2012) .
High air temperatures lead to poor color grape berries (Kliewer, 1970; Kobayashi et al., 1967) by interfering with anthocyanin biosynthesis in the skins (Mori et al., 2004) . 'Kyoho' and 'Pione' are black-skinned table grapes. Poor skin color of 'Kyoho' and 'Pione' is known as "red ripening", and the grapes have low commercial value (Kobayashi et al., 1965) . Therefore, measures have been developed to improve skin coloration, such as girdling (Fujishima et al., 2005; Koshita et al., 2011; Yamane and Shibayama, 2006a; Yamane et al., 2007) , cluster thinning (Yamane and Shibayama, 2006a; Yamane et al., 2007) , and abscisic acid treatment (Kataoka et al., 1982; Kitamura et al., 2007) . However, these measures have adverse effects on grape berry production: girdling inhibits rooting (Yamane and Shibayama, 2006a) and decreases vine vitality (Kugimiya et al., 2011) , cluster thinning reduces yield, and abscisic acid treatment increases production costs and reduces sugar content in berries (Habu et al., 2009; Kugimiya et al., 2011) .
These measures need to be taken more than 1 month before harvest. If the skin color of grape berries at harvest could be predicted, it would be possible to minimize the adverse effects of such measures by taking them only in the years when skin coloration at harvest is projected to be poor. Determining the relationship between skin color and air temperature would make it possible to predict skin color from estimated air temperatures. In addition, the relationship could be used to assess the impact of future climate change on grape quality.
Previous studies qualitatively investigated the relationship between skin coloration of grape berries and temperature in temperature manipulation experiments (Kobayashi et al., 1965 (Kobayashi et al., , 1967 Shinomiya et al., 2015; Tomana et al., 1979) or analyzed skin color only in certain areas (Naito et al., 1986; Yamane and Shibayama, 2006b) .
'Kyoho' is the leading grape cultivar in Japan (Yamada and Sato, 2016) , 'Pione' is the third most common cultivar, and 'Suzuka' is a new cultivar. All these cultivars are similar in appearance and have black berries at maturity. The purpose of the present study was to develop an equation for the temperature-color relationship for 'Kyoho', 'Pione', and 'Suzuka' grapevines cultivars based on measurements of skin color in many grape-growing regions across Japan, with the ultimate goal of helping farmers to determine whether measures to improve skin color need to be taken.
Materials and Methods

Plant materials and vineyard measurements
We investigated the full-flowering date, harvest date, and berry skin color rating at harvest of 'Kyoho', 'Pione', and 'Suzuka' grapevines (Vitis labrusca L. × Vitis vinifera L.) in 18 experimental vineyards managed by Japanese prefectural agricultural research institutes ( Fig. 1 ; Table 1 ) from 2011 to 2015.
The plants were 3 (2011) to 7 (2015) years old and were trained to systems shown in Table 1 . Most of the grapevines were grown under cover (colorless plastic films or glass), but some were grown in open fields. A solution of gibberellic acid (GA 3 , 25 ppm) was applied to all clusters once or twice to induce seedless berries. Other cultivation conditions, including soil management and the level of cluster thinning, were as recommended in each prefectural guideline.
The full-flowering date was defined as the date when more than 80% of all florets were open in more than 80% of all flower clusters. The cluster harvest time was mainly judged by perceived flavor (Yamada, 2011) . The harvest date was defined as the date when 50% of the clusters had been harvested. Ten harvested clusters were sampled randomly on the harvest date, and ten berries from each cluster were randomly selected to rate the skin color. The berry skin color rating (0 = green to 12 = black) corresponds to values in the standardized color chart (Yamazaki and Suzuki, 1980) that is used to visually assess the skin color of purple-and blackskinned grape berries.
Anthocyanin content in the berry skin
A few clusters harvested in each vineyard in 2011 were used to measure the anthocyanin content of the berry skins by the method of Shiraishi et al. (2007) with a slight modification. After rating the skin color as above, about 0.1 g of skin near the equator of each of 10 berries from the same cluster was removed, combined, blotted dry on paper towels (Crecia, Japan), macerated in 10 mL of 50% v/v aqueous acetic acid for 12 h at 4°C in the dark, and the suspension was filtered (No. 2 filter paper; Advantec, Japan). The absorbance of the filtrate (1 mL) at 520 nm was measured on a UV-260 spectrophotometer (Shimadzu, Japan) with the settings of SCALE = 20 nm·cm −1 and SLIT = 2 nm. The anthocyanin content was expressed as mg of cyanidin-3monoglucoside equivalent per gram fresh weight (g FW) of berry skin.
Climate data
For the air temperatures at each vineyard, we used the daily mean air temperatures in the AMeDAS mesh dataset (Seino, 1993) , a climate dataset with 1-km resolution (each grid cell measures 45" in longitude × 30" in latitude) estimated using statistics from meteorological observation stations of the Japan Meteorological Agency (JMA) across Japan.
Results and Discussion
Comparison of skin color levels of the three cultivars
The mean phenological and color characteristics of Table 1. all cultivars in the vineyards are summarized in Table 2 .
Although it is difficult to compare the cultivars directly owing to differences among prefectures and among years, the mean full-flowering date in late May differed by only 1 day. The harvest date and period from full flowering to harvest differed by about 1 week among the cultivars. The harvest date of 'Suzuka' was 4 days earlier than that of 'Kyoho', which was 4 days earlier than that of 'Pione'. 'Suzuka' had the darkest mean skin color at harvest, followed by 'Kyoho' and 'Pione'. The relationship between the skin color rating and the mean air temperature during the 40 days before harvest date for 'Kyoho' is shown in Figure 2A . The rating was not significantly correlated with temperature at <24°C, but decreased significantly with increasing tem-perature at ≥24°C. The slope of the linear regression line was −1.003; that is, the skin color rating of 'Kyoho' decreased by about 1 for every 1°C rise in air temperature.
High air temperatures inhibit color development of grape berries (Kliewer, 1970; Kobayashi et al., 1967) , and high temperature during the 40 days before harvest date leads to poor color of 'Kyoho' berries (Naito et al., 1986; Tomana et al., 1979) . Experiments with an artificial temperature treatment indicated that grape berries also cannot develop their color at a too-low temperature (Coombe, 1987; Kobayashi et al., 1965; Poudel et al., 2009 ). The skin color rating had no significant correlation with temperature at <24°C (the open circles in Fig. 2A ). This may be caused by an increase in the z Numbers correspond to the locations shown in Figure 1 . y Prefecture where the vineyard was located.
x Cultivation conditions: F = open field, C = under cover, L = long pruning on a horizontal trellis, S = short pruning on a horizontal trellis, H = hedgeespalier training, G1 = gibberellic acid was applied once, and G2 = gibberellic acid was applied twice. w Years when the investigations were conducted. The bold words show the years when the mean air temperature during the 40 days before harvest was <24°C. Fig. 2A ) tended to lay above the regression line, suggesting that skin becomes darker under openfield conditions than under a colorless cover, but the data are not sufficient for a definite conclusion. Therefore, we combined also skin color ratings from both conditions in the following analyses.
The skin color ratings of 'Pione' and 'Suzuka' also significantly decreased with increasing mean air temperature during the 40 days before harvest date at ≥24°C, but not at <24°C (Fig. 2B) . The slopes of the linear regressions for 'Pione' (−0.891) and 'Suzuka' (−0.802) did not differ significantly (P was 0.647 for 'Pione' and 0.390 for 'Suzuka') from the slope of 'Kyoho' (−1.003).
To compare skin coloration among the cultivars, we performed linear regression of the skin color ratings for 'Pione' and 'Suzuka' (Fig. 2B ) based on the assumption that the slopes of their regressions equaled the slope of the regression for 'Kyoho'. The intercepts of the regressions differed significantly among the cultivars (P was 0.000 for 'Pione' and 0.001 for 'Suzuka'). This difference indicates that at the same mean air temperature during the 40 days before harvest date, the skin color rating of 'Suzuka' would be higher by 0.7 (= 35.79 − 35.06) units than that of 'Kyoho', which would be higher by 1.0 (= 35.06 − 34.03) units than that of 'Pione'. The results suggest that 'Suzuka' has the darkest skin, followed by 'Kyoho' and then 'Pione'.
'Suzuka' (Grape Fukuoka No. 15 ) was bred to improve skin coloration at high air temperatures (Shiraishi et al., 2013) . Our results suggest that this goal has been achieved. The regression analysis (Fig. 2) suggests that the skin color rating of 'Suzuka' will equal that of 'Kyoho' if the 'Suzuka' vineyard is 0.7°C warmer than the 'Kyoho' vineyard.
Development of an equation to predict skin color
If harvest date and air temperature can be predicted, the skin color at harvest can be predicted using the regression equation in Figure 2 . Because an approach to predict harvest date has not been established, we developed a method to predict skin color at harvest from the full-flowering date. Only skin color ratings at air temperatures ≥24°C were used in the following analyses.
We first estimated the timing having a strong correlation between the mean air temperature and the skin color rating at harvest (the temperature-sensitive period) for each cultivar. To identify this period, we calculated the correlation coefficients between skin color rating at harvest and mean air temperature for N (a variable number) days before the harvest date (Fig. 3) . The strongest correlation was found when N was 43 days for 'Kyoho', 46 days for 'Pione', and 42 days for 'Suzuka'. The slope and intercept of each regression equation on these dates are shown in Table 3 .
Next, we calculated the correlation coefficients between skin color rating at harvest and mean air temper- ature during 43, 46, and 42 days beginning from a variable number (M) of DAF (days after full flowering) for 'Kyoho', 'Pione', and 'Suzuka', respectively (Fig. 4) . The correlation was strongest when M was 50 for 'Kyoho' and 46 for 'Pione'. The correlation coefficient for 'Suzuka' had two peaks (52 and 65 DAF). When M was 65, the end of the strong correlation was 106 DAF, which was considerably later than the mean harvest date (87.6 ± 11.3 days; Table 2 ). Therefore, we adopted 52 as M to predict the skin color of 'Suzuka'. The slope and intercept of each regression equation on these dates are shown in Table 4 . These regression equations can be used to predict the skin color rating at harvest.
These results suggest that the temperature-sensitive period for predicting the skin coloration with temperature was 43 (=N) days from 50 DAF (=M) for 'Kyoho'. The end of the durations was similar to the mean harvest date (92.5 DAF; Table 2 ).
Previous studies ( 'Suzuka' (HD) FD N HD ～ ～ Fig. 3 . Changes in the coefficient of correlation (Pearson's r) between the skin color rating at harvest and the mean air temperature for N days before the harvest date (see inset). FD, fullflowering date; HD, harvest date. Table 3 . Relationships between the skin color rating at harvest and the mean air temperature for N days before harvest. Values represent the strongest (most negative) correlation coefficient for each cultivar (based on the data in Fig. 3) . x N value when coefficient of correlation was the most negative. w and v Regression parameters (y = ax + b, where y is the skin color rating at harvest, x is the mean air temperature for the N days before harvest date, a is the slope, and b is the y-intercept). Table 3 . Relationships between the skin color rating at harvest and the mean air temperature for N days before harvest. Values represent the strongest (most negative) correlation coefficient for each cultivar (based on the data in Fig. 3 ).
Shibayama, 2006b) suggested that the temperaturesensitive period for skin coloration of grape berries begins from soon after veraison. In 'Kyoho' and 'Pione', veraison is 45 to 50 DAF (Wang et al., 1997; Yakushiji et al., 2001a, b) . The M values for both cultivars (M = 50 and 46 DAF, respectively) were similar to the veraison.
If the full-flowering date is known, the skin color rating at harvest can be estimated from the predicted air temperature after full-flowering and the regression equations in Table 4 . Recently, the JMA started releasing forecasts of air temperature for up to 28 days in each prefecture through its official website (http://www. The M value when the correlation coefficient was most negative for 'Kyoho' and 'Pione'; the M value for 'Suzuka' corresponds to the first negative peak. w and v Regression parameters (y = ax + b, where y is the skin color rating at harvest, x is the mean air temperature for the N days from M days after the full-flowering date, a is the slope, and b is the y-intercept). u RMSE is the root-mean-square error of the skin color rating between the value estimated by the regression and the measured value. Table 4 . Relationships between the skin color rating at harvest and the mean air tempe 'Suzuka') days from M days after the full-flowering date, where M was the value negative (based on the data in Fig. 4 ).
data.jma.go.jp/gmd/risk/ probability/guidance/ index_k1. php, December 17, 2016). After 28 days, normal values (average values for the past 30 years) of daily mean air temperature are available. A method for predicting daily mean air temperatures across Japan at a 1-km resolution based on the forecasts distributed by the JMA and climatic normal values has also been developed (Ohno et al., 2016) . However, because all mean air temperatures during the temperature-sensitive periods used for regression calculations were ≥24°C, the equations may not provide reliable results at lower temperatures during the temperature-sensitive period.
The root-mean-square errors (RMSE) of the skin color rating between the estimated and measured values ranged from 0.73 to 1.09 color units (Table 4 ), indicating that skin coloration can be predicted with an uncertainty of about 1 unit if prediction of the air temperature is accurate. One of the chief sources of error is solar radiation, high levels of which deepen the skin color of grape berries (Kliewer, 1970; Naito et al., 1984; Shinomiya et al., 2015; Smart et al., 1988; Tarara et al., 2008) . In the present study, the amount of solar radiation varied among the vineyards, years, and growing conditions (under cover or open field). The next step in our research will be to improve the ability to predict skin color by accounting for solar radiation.
Variability in cultivation conditions is another source of error. In particular, the level of cluster thinning affects skin color (Yamane et al., 2007) . 'Suzuka' had the lowest correlation coefficient (Figs. 3 and 4 ) and the largest RMSE, possibly because of variability in cultivation conditions such as the thinning level and the criteria used to determine harvest time, as it is a new cultivar. Future work is needed to accurately predict the skin color of 'Suzuka'.
Prediction of the anthocyanin content in berry skins
The skin color rating and the anthocyanin content in the berry skins at harvest were significantly correlated in all three cultivars (Fig. 5 ). Because the relationship between skin color and anthocyanin content varies among cultivars (Shiraishi et al., 2007; Watanabe and Shiraishi, 1991) , we calculated the linear regression separately for each cultivar. The anthocyanin contents in the berry skins at harvest could be predicted by using a combination of the regressions shown in Figure 5 and the regressions to predict the skin color rating (Table 4) . For instance, an increase in 1°C would decrease the skin color rating at harvest by 0.96 (= 0.96 × 1) units in 'Kyoho' and the decrease in the skin color rating is comparable to the decrease in anthocyanin content by 0.67 (= 0.96 × 0.696) mg·g −1 FW. The same increase in temperature would decrease the anthocyanin content by 0.66 mg·g −1 FW in 'Pione' and 0.48 mg·g −1 FW in 'Suzuka'.
Conclusions
We developed a method to predict the skin color rating of grape berries and the anthocyanin content of their skins from the mean air temperature during a certain period. This method will help grape growers and researchers to determine whether to take measures to improve skin coloration and to assess the effect of future climate changes on grape quality. 
